We have examined the effects of mild, chronic water stress and acute water stress on two water stress sensitive plants, Xanthum strwmaium and Helianthus awnuas. Using a combination of the leaf disc 02 electrode to measure the light responses of photosynthesis and 77 K fluorescence to monitor damage to the primary photochemistry, we have found the following (a) The CO2 saturated rate of photosynthesis at high light is the most water stress sensitive parameter measured. (b) The apparent quantum yield (moles 02 per mole photons) was slightly, if at all, affected by mild water stress (>-1.5 megapascals). (c) Severe water stress (<-15 meppascals) reduced the quantum yield of photosynthesis regardless of whether the stress was applied in sun or shade. The light independent reduction of quantum yield was not associated with a reduction in 77 K fluorescence (F,IF,) indicating that the quantum yield reduction was not the result of damage to primary photochemistry. (d) The diel fluctuation in -77 K fluorescence seen in sun-exposed control leaves was greatly exaggerated in water stressed leaves because of enhanced decline in 77 K fluorescence in the morning. The rate of recovery was similar in both control and water stressed leaves. Shaded leaves showed no change in 77 K fluorescence regardless of whether water stress was imposed or not. (e) The water stress sensitive plants used in these experiments did not recover from acute water stress severe enough to reduce the quantum yield or chronic water stress which lasted long enough that light dependent damage to primary photochemistry occurred.
have been reported for a range of cultivated and wild species subject to slowly applied water stress (10, 19, 26, 27, 29) .
Changes in the apparent quantum yield were among the earliest reported biochemical responses of leaf photosynthesis to water stress (8, 9) . Mohanty and Boyer (18) measured a decrease in absorbed quantum yield following water stress, in leaves and in chloroplasts, supporting earlier hypotheses that water stress affected photochemical activity (8) . Rapidly applied water stress in sunflower reduces quantum yields, and this change is independent of light intensity during stress (28) . Slowly applied stress in Nerium oleander reduces quantum yield (19) and is associated with a light dependent reduction in primary photochemistry (77 K fluorescence) as well as in electron transport (6) .
We have examined some of these aspects of biochemical inhibition of photosynthesis using a leafdisc 02 electrode which permits quantum yield measurement at CO2 saturation and 77 K fluorescence analysis (1, 2, 5, 30) . We studied both sustained (chronic) mild water stress and brief severe (acute) water stress.
We studied acutely stressed leaves to determine the primary lesion caused by water stress. We also studied chronically stressed leaves to investigate the interaction between light and water stress. Our experiments indicate that species differ in response of biochemical photosynthetic properties to water stress and that initially, these responses are independent of changes in primary photochemistry and light or dark during stress. An abstract of these data is in press (3).
The effects of water stress on photosynthesis in leaves are generally considered to involve both stomatal closure and effects on the biochemical process of photosynthesis (7) . Boyer (8) showed that high external CO2 concentrations did not reverse the effect of water stress on photosynthesis, establishing the fundamental importance of inhibition of biochemical processes. Biochemical effects of water stress on leaf photosynthesis in vivo have been examined using quantitative analytical gas exchange methods. Jones (13) , for example, observed a decrease with time in both the initial slope and CO2 saturated portion of the curve relating assimilation to intercellular CO2 partial pressure in cotton leaves exposed to mild, controlled water stress. Similar results frequent additions of small quantities of water 2 to 4 times daily for Plant Physiol. Vol. 84, 1987 ,'"~quent 5 d this declined a further 30% (Fig. 2) . There was no effect of leaf aging detectable in control plants. 3 d. The decline was greater in sun exposed than in shaded leaves (Table II) . However, the variable components of 77 K fluorescence measured early in the morning were not significantly different in sun or shaded leaves, in control or water stress experiments. In Helianthus, shading caused a greater decline in the control rate of 02 exchange and the effect of leaf aging in the control was dramatic (Fig. 3) showed that acute water stress treatment produced much the same effects on CO2 saturated photosynthesis at high light as observed during sustained mild water stress ( Fig. 4; cf Fig. 2) .
However, the decline in photosynthesis at -2.3 MPa was accompanied by a substantial decline in quantum yield (Fig. 4) .
Control Xanthium leaves in the sun displayed a diurnal excursion in Fv/Fm, but not in shaded leaves (Fig. 5) . With progressive acute water stress the magnitude of the diurnal excursion in Fv/ Fm increased and the level of recovery in the afternoon declined. Much the same response to acute stress was observed in Helian- thus (Fig. 6) Plant Physiol. Vol. 84, 1987 of control and water stressed Helianthus leaves are shown in Figure 7 . The diel depression in Fv/Fm observed previously in 1.0 -0.10 MPa chronic, mild water stress (Table I) ; , but after exposure to sunlight (1300 ,umol photons m-' s-') for c0 several hours, the stressed leaves showed more rapid decline in O7/Fv/Fm. On return to the laboratory light ( (Fig. 8b) . In these, the decline of Fv/Fm in sunlight was much more rapid. The more responsive to decreasing leaf water potential (Fig. 9a) than is apparent quantum yield or fluorescence. Apparent quantum yield declines slightly until about -1.7 MPa, and then precipitously in Xanthium (Fig. 9b) saturation and high light. Such effects have been observed repeatedly using conventional gas exchange analysis (8, 13, 26, 27, 29) . At limiting CO2 (26, 27, 29) or limiting light (this study) nonlethal water stress has little effect on photosynthesis. On the basis of contemporary models of photosynthetic biochemistry in vivo, these results indicate effects ofwater stress on the maximum capacity for regeneration of RuBP for photosynthetic CO2 fixation (27, 29) .
In these experiments with Xanthium and Helianthus, and other experiments with a desert annual Eriogonum inflatum (22) Studies of chloroplasts isolated from water stressed Helianthus leaves (16) indicated that electron transport and photophosphorylation were very sensitive to water stress. However, subsequent studies with osmotically stressed leaf cells (27) and protoplasts (15) indicate that electron transport is not affected by low water potential. Strong biochemical evidence has been adduced for effects of water stress on the conformation and activity of chloroplast coupling factor (15, 20, 27, 31) .
The effect of water stress on photophosphorylation could explain most of the results obtained in this study. Mild water stress could reduce the maximum capacity for photophosphorylation. When photosynthesis is limited by light or C02, the capacity for photophosphorylation would still be sufficient and so the effect of mild water stress would only be apparent at saturating CO2 and high light. More severe water stress could damage the coupling factor enough to cause uncoupling, as was observed with osmotically stressed cells (27) (28) . The light dependent amplification in diel changes in 77 K fluorescence which is observed in severely stressed leaves may presage photoinhibition. However, it is a terminal and insignificant part of photosynthetic responses to stress in these water stress sensitive plants. Leaves which display these effects will not recover from their water stress experience.
In water stress tolerant Nerium oleander, light and CO2 saturated photosynthesis, as well as quantum yield, are reduced in response to water stress under natural conditions (6) . Compari (23) . We believe that these studies indicate that light dependent damage to primary photochemistry is a long-term consequence of impaired photosynthetic carbon metabolism but that it is not the primary lesion in photosynthesis caused by water stress of mesophytic plants.
